The physical and optical properties of an atmospheric aerosol mixture depend on a number of factors. The relative humidity influences the size of hydroscopic particles and the effective radius of an aerosol mixture. In consequence, values of the aerosol extinction, the aerosol optical thickness and theÅngström coefficient are modified. A similar effect is observed when the aerosol composition changes. A higher content of small aerosol particles causes the effective radius of an aerosol mixture to decrease and theÅngström coefficient to increase. Both effects are analysed in this paper. The parameters of the size distribution and the type of components used to represent natural atmospheric aerosol mixtures are based on experimental data. The main components are sea-salts (SSA), anthropogenic salts (WS, e.g. NH 4 HSO 4 , NH 4 NO 3 , (NH 4 ) 2 SO 4
Introduction
The ambient relative humidity changes the optical properties of hygroscopic atmospheric aerosols such as sea-salts. In addition, wetting affects particle sizes and aerosol scattering properties, and ultimately aerosol extinction coefficients and aerosol optical thicknesses. Since aerosols are far from being a single component, the question is how relative humidity influences the optical properties of natural aerosol mixtures, which can contain both soluble and insoluble components.
As the ambient relative humidity (RH) changes, hygroscopic atmospheric aerosols undergo phase transformation, droplet growth, and evaporation. Phase transformation from a solid particle to a saline droplet usually occurs spontaneously when the RH reaches a level called the deliquescence humidity. Its value is specific to the chemical composition of the aerosol particle (e.g. Orr et al. 1958 , Tang 1976 . To model droplet growth, information about water activity and density as a function of solute concentration is needed. A new technique known as single-particle levitation allows these parameters to be measured properly (e.g. Richardson & Spann 1984 , Richardson & Kurtz 1984 , Tang & Munkelwitz 1984 . The results of a laboratory study of the changes in the optical properties of single-salt and mixed-salt aerosols caused by wetting are presented by Tang (1996 Tang ( , 1997 and Tang & Munkelwitz (1994) . It is interesting to apply these results to atmospheric aerosols, which can contain both soluble and insoluble particles.
In the natural environment an increase or a decrease in the aerosol extinction observed at a given wavelength is a sign that measuring conditions have changed. An increase in the aerosol optical thickness or aerosol extinction can be related either to an increase in RH or to a change in the aerosol concentration. Quite often, both factors are present. Optical measurements at one single wavelength will not resolve the question whether the observed change is caused only by the increased humidity or whether the additional aerosol particles have contributed to the measured aerosol extinction or aerosol optical thickness. To be able to retrieve more accurate information about an aerosol mixture, spectral measurements are needed. The more spectral information available, the greater are the chances of getting a more realistic idea of the aerosol composition.
The variation of the extinction coefficient or the aerosol optical thickness with the wavelength can be presented as a power law function with a constant (related to the power factor) known as theÅngström coefficient (Ångström 1929) . When the particle size distribution is dominated by small particles, a situation usually associated with pollution, theÅngström coefficients are high; in clear conditions they are usually low. Kuśmierczyk-Michulec & van Eijk (2007) demonstrated that theÅngström coefficient can be used as a tracer of continental aerosols. It would be interesting to know the extent to which its values change with RH.
The aim of this paper was to investigate the influence of relative humidity on the optical and physical properties of various atmospheric aerosol mixtures. Experimental data on aerosol size distribution, aerosol composition and aerosol optical thickness were used to model aerosol mixtures. Experimental data, including simultaneous optical and chemical measurements, were collected during two cruises on the Baltic Sea in July 1997 and March 1998 as part of the Baltic Sea System Study (BASYS) Atmospheric Load Project (Schultz et al. 1999) . The aerosol data relevant to this paper are the measured mass size distributions for sea-salts and anthropogenic salts like ammonium sulphate ((NH 4 ) 2 SO 4 ), ammonium nitrate (NH 4 NO 3 ) and ammonium hydrogen sulphate (NH 4 HSO 4 ) (Plate 2000) , which were used to derive the number size distributions. The relevant optical measurements are the aerosol optical thickness data measured in eight spectral channels (412, 443, 490, 510, 555, 670, 765 and 865 nm, bandwidth 10 nm) with a shadow-band spectrophotometer (Olszewski et al. 1995) . These data were presented and extensively described in Kuśmierczyk-Michulec et al. (2001) and Kuśmierczyk-Michulec et al. (2002) .
In the first part of this paper a simplified situation is considered. It is assumed that the quantity of aerosol is fixed and that all changes in the optical properties of atmospheric aerosol mixtures can be attributed to the growth of hygroscopic aerosols. The second part will deal with a different scenario: by changing the contribution of aerosol components the influence of aerosol composition on aerosol optical thickness and the Angström coefficient is analysed. These simulations were done for different RHs covering the range from dry to wet conditions. This paper presents the theory of the relations between theÅngström coefficient and the composition of atmospheric aerosol mixtures for various RH conditions. The application of these relations will be demonstrated in follow-up papers.
Methodology

Aerosol size distribution and related optical parameters: extinction, aerosol optical thickness andÅngström coefficient
The aerosol size distribution can be represented by the number size distribution N (r), the volume size distribution V (r), or by the mass size distribution m(r). In each case the log-normal function is used. Details are given in e.g. Seinfeld & Pandis (1998) .
The aerosol number size distribution for a given aerosol type can be expressed by the following equation, where r is the particle radius, r n is the median radius and σ is the standard deviation:
The alternative is the volume size distribution, with the volume median radius r V and the standard deviation σ:
where C V and N n are particle concentrations for the volume and number size distributions, respectively. The method of conversion from the number size distribution to the volume size distribution is given in e.g. Seinfeld & Pandis (1998) . For any log-normal distribution the standard deviation σ in both representations, i.e. the number and volume distributions, is the same.
The volume concentration C V [µm 3 cm −3 ] is defined as
The relation between the volume concentration and the number concentration is given by
The conversion from the volume median radius to the number median radius is given by ln r V = ln r n + 3σ 2 .
One very useful parameter that can be derived directly from the number size distribution is the effective radius (R eff ):
It will be demonstrated later that it is advantageous to use the effective radius to characterise aerosol mixtures.
The spectral optical coefficient, called the extinction coefficient ext(λ) (in km −1 ), can be calculated from the number size distribution:
or from the volume size distribution:
where λ is the wavelength, r is the radius and Q ext is the extinction efficiency factor, which is a function of the complex refractive index (Mie 1908) . The coefficient Q ext was calculated according to the algorithm of Bohren & Huffman (1983) . The extinction coefficient integrated over the whole column of the atmosphere is a dimensionless parameter and is called the aerosol optical thickness (τ a ):
where f (h) represents the vertical distribution of aerosols, h is the altitude in km, H min and H max are respectively the lower and the upper altitude at which a given aerosol type can be found. The atmosphere can be modelled as the superposition of three layers: the boundary layer (BL), free troposphere and stratosphere. McClatchey et al. (1984) and Hess et al. (1998) assume that within each layer the aerosol composition is constant with height. As a rough estimate, BL is often assumed to have a depth of 2 km.
Variation of the extinction coefficient with wavelength can be presented in the form of a power law function (Ångström 1929) :
The same type of relation is also valid for the aerosol optical thickness,
where γ c and γ τ are constant and α is theÅngström coefficient (also known as theÅngström exponent orÅngström parameter). This parameter is usually determined in the spectral range from 440 nm to 870 nm.
The main aerosol components, their size distributions and refractive indices
The main aerosol components of natural atmospheric mixtures include sea-salts (SSA), black carbon (BC), organic carbon (OC), and anthropogenic salts like ammonium hydrogen sulphate (NH 4 HSO 4 ), ammonium nitrate (NH 4 NO 3 ) and ammonium sulphate ((NH 4 ) 2 SO 4 ), which belong to a large group of water-soluble particles (WS). To model the physical and optical properties of these aerosol components both literature and experimental data were used. The chemical data, collected during two cruises on the Baltic Sea (Schultz et al. 1999) , include concentration and size distribution measurements. Concentrations of carbonaceous particles (black carbon and organic carbon) were measured using filters (Rullean 2000) . The aerosol mass size distributions of sea-salts and anthropogenic salts (NH 4 HSO 4 , NH 4 NO 3 , NH 4 HSO 4 ) were measured using 8-stage BERNER low-pressure impactors (Plate 2000) and then used to derive the number size distributions.
To calculate the extinction coefficient for a given aerosol component both refractive indices and aerosol size distribution parameters are required. All the refractive indices are taken from the literature (see Table 1 ). Table 2 lists the parameters of the number size distributions. In both cases the following notation is used: the main aerosol components are indicated by capital letters (e.g. SSA, BC, OC, WS), while the different refractive indices or aerosol size distribution parameters for the same aerosol component are denoted by numbers (e.g. SSA1, SSA2). The refractive indices of sea-salts, water-soluble aerosols and black carbon (BC4) are taken from McClatchey et al. (1984) . The alternative refractive index for black carbon, indicated by symbols BC (1 to 3), comes from Ackerman & Toon (1981) , that for organic carbon from Sloane (1983) .
The parameters of the aerosol size distributions come from two sources: the literature, and experiments in the Baltic Sea region. Since the size distribution was not measured for carbonaceous aerosols, some of the most frequently used literature values were assumed. Each set of parameters (r n , σ) is indicated by a different symbol. Thus, there are four symbols for black carbon: BC1, BC2, BC3 and BC4, and two for organic carbon: OC1 and OC2. The values of the parameters for BC1, BC2, BC3 and OC1 are taken from Chylek et al. (1981) , Heintzenberg (1982) and Berner et al. (1996) ; the values for BC4 come from McClatchey et al. (1984) and those for OC2 from Stier et al. (2005) .
The sea-salt aerosol (SSA) number size distributions were derived indirectly from the mass-size distributions of sodium. It is well-known that sodium chloride (NaCl) is the major component of the sea-salt aerosol. Thus, using the formulae for the sodium content in sea salt -SSA [µg m −3 ] = 3.257 × Na + [µg m −3 ] -the SSA mass size distribution was calculated from the sodium mass distribution and then converted to the number size distribution. The symbols from SSA1 to SSA6 (see Table 2 ) correspond to six different sets of parameters (r n , σ).
The number size distribution parameters for the anthropogenic salts are indicated by four symbols: WS1, WS2, WS3 and WS4. Each one corresponds to a different type of anthropogenic salt, or for the same aerosol type (e.g. WS1 and WS2) to a different set of parameters (r n , σ). Table 2 gives the details.
The experimental data were presented in Kuśmierczyk-Michulec et al. (2001) . Note that for the purpose of the present paper the conversion procedure yielding the number size distributions was repeated. Data were recalculated and a different wetting algorithm was used. Instead of the formulae given by Gong et al. (1997) , the more accurate approach suggested by Tang (1996) and Tang & Munkelwitz (1994) was used. Hence, the values of the parameters in Table 2 differ slightly from those in Kuśmierczyk-Michulec et al. (2001) .
Modelling the growth of hygroscopic aerosols
A change in RH alters the size distribution of hygroscopic aerosols like sea-salts (NaCl) and anthropogenic salts, e.g. NH 4 NO 3 and (NH 4 ) 2 SO 4 . In this paper it is assumed, as in McClatchey et al. (1984) , that black carbon (BC) is not soluble. Despite the fact that about c. 40% of organic carbon (OC) is soluble (S. Rullean, personal communication; IPPC 2007) , for the simplicity and transparency of the calculation, it is assumed that OC is not hygroscopic either.
It would be difficult to estimate the extent to which the latter simplification biases the results. One of the main reasons is that there is still no detailed description of the interactions among organic and inorganic aerosol compounds and water (e.g. Kanakidou et al. 2005) . Interest in the hygroscopic properties of OC relevant to atmospheric applications has only recently started to grow, and data are still rather scarce. Hence, considering all the associated uncertainties, neglect of the hygroscopic growth of organic aerosols would seem to be justified.
The increase in particle radius caused by an increase in RH can be found from the equation (e.g. Tang 1996) :
where r RH and r dry are the radii of a wet and dry particle, respectively. Similarly, ρ RH and ρ dry are the respective densities of a wet and dry aerosol. The parameter χ RH is the solute weight percentage (Tang & Munkelwitz 1994) and can be expressed as a function of water activity aw, or simply as a function of RH:
Changes in the aerosol density caused by changes in RH are described by:
The values of coefficients A xi and A ρ i for different salts are based on the laboratory work by Tang (1996) and Tang & Munkelwitz (1994) . Two pairs of equations, i.e. (12)- (13) and (1)- (2), were used to calculate the 'wet' aerosol size distributions. Variation of σ caused by RH was also included. This effect is not discussed separately, because this paper focuses mainly on the changes in the extinction values caused by relative humidity, i.e. on the indirect result of changes in the aerosol size distributions.
Modelling the aerosol mixture: external mixing
The optical properties of the aerosol mixture can be represented by the aerosol extinction (see eqs. (7) or (8)) or by the aerosol optical thickness (see eq. (9)). Both parameters can be modelled using the external mixing approach. This means that each aerosol component of a given natural aerosol mixture is represented by a different substance with its own single mode size distribution and single complex index of refraction. The spectral values of the aerosol extinction for a given aerosol component are found from Mie calculations. The aerosol optical thicknesses are obtained as the corresponding weighted averages of the extinction coefficients using the volume percentages. This approach is widely used in aerosol models (e.g. McClatchey et al. 1984 , Hess et al. 1998 .
Since some aerosol components are hygroscopic, the general equation for the aerosol optical thickness of a natural mixture can be given as
where j = 1, ..., 4 symbolises the aerosol components SSA, WS, OC and BC. The parameter ψ j indicates the aerosol extinction of the j th component with respect to its volume concentration
[µm 3 µm −2 ] is the total volume of the j th aerosol component in the whole column of the atmosphere. The aerosol components included in a mixture do not exceed four in number. The details concerning the method of calculation are explained in Appendix 1 (page 37). The aim of this paper is to investigate the changes in the optical properties caused by changes in RH. The optical properties of single aerosol components are assumed to be known, the total aerosol optical thickness at a given wavelength is also known from measurements.
The simulations presented in this paper are valid for a well-mixed boundary layer. In consequence, variations in RH with altitude are not taken into account. The question arises to what extent the above assumption influences the modelling results. In other words, can RH at the measurement altitude represent RH averaged over the whole column? To answer this question radiosonde measurements made during the BASYS experiment were used. For each single radiosonde launching, the column integrated value < RH > col was calculated and compared to the value representing the surface measurements RH meas . Analysis of the data from both summer and winter experiments revealed that the mean value of the absolute difference |RH meas − < RH > col | was about 15% (i.e. 15% ± 10%).
The aerosol optical thickness represents the column integrated extinction. Hence, it would be difficult to estimate the significance of the above simplification in a more accurate way without knowing a priori the vertical RH profile and the vertical aerosol profile, or alternatively, the changes in the aerosol extinction with altitude.
Influence of relative humidity on the optical properties of aerosol mixtures containing a fixed number of particles
This section analyses the case when the number of aerosol particles is fixed and the only variable parameter responsible for changes in the aerosol optical thickness is the relative humidity (RH).
Pure salts: SSA and WS
In a pure marine environment the observed aerosol types are sea-salts. However, such an ideal situation exists only in a remote area, over the open ocean. Everywhere else there is usually some admixture of anthropogenic salts. Both types of salts are hygroscopic. An increase or decrease in RH causes changes in the size, volume and density of the particles, and eventually in the aerosol optical thickness. The only parameter independent of RH is the number of particles. Figure 1a illustrates changes in the aerosol extinction of sea-salts, ext SSA (λ, RH). The simulations are presented for three aerosol types -SSA1, SSA3 and SSA5 -and two wavelengths -412 and 865 nm. In all cases the same number of particles is assumed. Regardless of the size distribution, the extinction increases significantly, especially when RH > 80%. An increase (RH). Calculations are presented for two types of salts: SSA1 and SSA3. c) Increase in aerosol optical thickness due to increasing RH. The number of particles was estimated for the conditions at which the ambient RH = 80% and τ a (555) = 0.2. The simulation results are presented for two types of salts: SSA3 and SSA5 in RH leads to a rise in C V , which affects the resultant ratio (here index j is replaced by the symbol SSA, see eq. (15)):
Figure 1b presents values of the sea-salt aerosol extinction with respect to volume concentration C V . Though shown for only two types of salts, they illustrate the general pattern, also observed for other size distributions. Figure 1c illustrates modifications of the aerosol optical thickness, which at the moment of measurement at RH = 80% and λ = 555 nm is equal to 0.2, i.e. τ a (555, RH 80 ) = 0.2. These initial conditions are used to estimate the number of particles, and then to simulate the results for different RH following the method described in Appendix 1. The simulations are repeated for the six aerosol number size distributions SSA (1 to 6) listed in Table 2 .
Wetting causes the aerosol optical thickness τ a to increase significantly, especially when RH > 90%; at RH = 98% this may be up to 6 times its value at RH = 80%. This effect is observed at both wavelengths, but for higher RH, the increase in the aerosol optical thickness is more evident at 412 nm than at 865 nm. This different behaviour is also demonstrated in Figure 1b . As a consequence of such a non-uniform increase, theÅngström coefficient also becomes a function of RH. Figure 2a shows theÅngström coefficient as a function of RH. Each of the 6 curves represents a different size distribution, indicated by the symbols SSA1 to 6. The increase in RH gives rise to changes in theÅngström Table 2 (page 11) coefficients, which depend on the aerosol size distribution. Unlike curves SSA5 and SSA6, curves SSA1, SSA2, SSA3 and SSA4 clearly increase with RH. It will be noticed that the upper threshold value does not exceed −0.05. Since there are some similarities between the curves, it suffices to analyse three of them rather than all six -SSA1, SSA5 and SSA3, representing the lower, middle and upper curves, respectively. The lower curve (SSA1) corresponds to the narrowest of all the size distributions (standard deviation for dry conditions σ = 0.51), the middle curve (SSA5) represents the size distribution with a much smaller dry median radius than the other salts, and the upper one (SSA3) represents the size distribution with the largest dry median radius.
The same type of simulation as for sea-salts was repeated for the anthropogenic salts. Figure 2b shows theÅngström coefficient as a function of RH for two size distributions of NH 4 HSO 4 , represented by symbols WS1 and WS2, one distribution of NH 4 NO 3 (WS3) and one distribution of (NH 4 ) 2 SO 4 (WS4). The influence of RH on theÅngström coefficient is more significant than in the case of sea-salts. Interestingly, the curves representing salts WS2, WS3 and WS4 are clearly separated from the WS1 curve. The first group of curves is located in the bottom part of the graph and does not exceed the threshold value of 0.6. In contrast, curve WS1 lies in the upper part of the graph with a threshold value almost four times greater than that of the other salts. This effect can be explained by the significant difference in the size distributions. The WS1 size distribution is narrower and has a dry median radius half that of the other salts. In all cases the same behaviour is observed: the drier the aerosol, the larger the Angström coefficient. Wetter conditions cause anthropogenic salt particles to grow and theÅngström coefficient to decrease.
Two-component aerosol mixtures -SSA & WS, SSA & OC and SSA & BC
In the marine environment, the aerosol type usually observed is a mixture of sea-salts and anthropogenic salts. Such a natural mixture may also contain some organic carbon or black carbon. These latter two aerosol components are assumed to be insoluble. What is the effect of RH in this case? Figure 3 shows the variation in theÅngström coefficient for four different mixtures consisting of SSA3 and NH 4 HSO 4 WS1 (Figure 3a ) and WS2 (Figure 3b) . Each curve represents a mixture with a different percentage of anthropogenic salt (5 − 20%). Both plots show that the addition of a small amount of anthropogenic salt causes the optical properties of the aerosol mixture to differ significantly from those of the pure sea salt; theÅngström coefficient is much higher than that of the pure sea-salt components. Both graphs also show that the sameÅngström coefficient value may correspond to a different percentage of WS depending on its initial size distribution parameters, e.g. α = 0.265 at RH = 48% may represent either a mixture of sea-salts and 20% WS2 or a mixture of sea-salts and 5% WS1. On the other hand, for the same RH, a similar effect is observed when the percentage of one aerosol compound in the aerosol mixture increases. The contribution of the fine mode increases by 15%, i.e. from 5 to 20%, and the ratio between the volume concentration of fine particles (WS1) is almost doubled: C W S1, 20% /C W S1, 5% ≈ 2.3.
RH modifies the optical properties not only of hygroscopic aerosol mixtures but also of mixtures containing certain amounts of non-hygroscopic aerosols, such as organic carbon or black carbon. Figure 5a presents the Angström coefficients for a mixture of SSA3 and OC1. The different percentage of OC1 is indicated by different symbols. Similar calculations were repeated for OC2. For both types of organic carbon the same percentage produces a similar result. To illustrate this effect, Figure 5b shows the difference between theÅngström coefficients for both mixtures containing OC1 and OC2: α increases with increasing OC and decreases with increasing RH. The black carbon content behaves in a similar way. Figure 6 shows that a small amount of black carbon has the same effect as a much larger amount of OC or WS. For example α = 0.1 at RH = 80% may represent The simulations were done for four types of black carbon: BC1, BC2, BC3 and BC4 (see Table 2 for explanations). The percentage contribution of black carbon is assumed to be 1% either a mixture of sea-salts with 1% BC1 (Figure 6 ) or a mixture of seasalts and 15% WS2 (Figure 3b) . Similarly, α = 0.6 at RH = 80% may stand for a mixture of sea-salts and a content of 5% BC1 or 10% OC1 (Figure 5a) .
Changes in the value of theÅngström coefficient can be related to changes in the effective radius of a mixture. A greater content of small aerosol particles causes the effective radius to decrease and theÅngström coefficient to increase. An increase in RH influences the size of hygroscopic particles and, consequently, the effective radius of an aerosol mixture. Figure 7 shows the ratio between the effective radius of pure sea-salts and a mixture. Particles of WS1 are much smaller than those of WS2; therefore, the effective radius of the second mixture (SSA3 & WS2) is larger than that of the first one (SSA3 & WS1). Both mixtures are hygroscopic and RH has a similar influence on the effective radius of a mixture and pure sea-salts. Therefore, the ratio between both parameters will be nearly constant. The situation is different in the case of OC, which is insoluble. OC particles are small, and the effective radius of a mixture will be much smaller than that of pure sea-salts. On the other hand, as RH increases, so does the radius of sea-salt particles; hence the slight increase in the effective radius with RH. Black carbon particles behave differently. On the one hand, these are so small that they do not change the effective radius of a mixture, but on the other, even a small admixture of black carbon particles will alter the value of α. This can be explained by the strong absorbing properties of black carbon. These changes will be discussed in detail in the next section.
Influence of aerosol composition on the optical properties of an aerosol mixture for a given relative humidity
The previous section discussed the situation where all changes in the aerosol optical properties were caused only by wetting. For that purpose the number of particles was fixed: for example, in some simulations it was assumed that the number of particles is such that the measured aerosol optical thickness at 555 nm and RH = 80% is 0.2. If the amount of aerosol is fixed, all the changes in the aerosol optical properties can be attributed to the growth of hygroscopic aerosols, which are the result of the increase in RH.
This section focuses on the situation in which all changes in aerosol optical properties for a given RH are caused only by a modified aerosol composition. The simulations are done for RHs from 40 to 96%.
Two-component aerosol mixtures -SSA & WS and SSA & OC
Let us assume that the aerosol mixture is composed of sea-salts SSA and anthropogenic salts WS. Changes in the content of the latter component C W S V, tot cause the resultant aerosol optical thickness (eq. (15)) to change as well. Figure 8a illustrates the situation where the anthropogenic salt WS1 gradually replaces the amount of sea-salt. Since anthropogenic salt particles are much smaller than sea-salt particles, the number of particles in this particular mixture effectively increases and the resultant volume decreases. As a result theÅngström coefficient increases. Figure 8b illustrates a similar situation but for a different salt -WS2. In both cases the lowest values correspond to the pure sea-salts, the highest ones to the pure anthropogenic salts. Figure 8b shows that for an aerosol component like WS2, the maximum Angström coefficient does not exceed 0.6 for RH = 40% and 0.3 for RH = 80%. For the same RHs but for a different aerosol component WS1 (Figure 8a) , the maximumÅngström coefficients are several times larger; 2.4 and 2, respectively. Figure 8c shows the effect of replacing the hygroscopic salts WS in this two-component mixture with insoluble organic carbon OC1. Raising the OC content to 20% produces a similar result as for WS1 particles (see Figure 8b) . TheÅngström coefficient gradually increases from the values characteristic of a given pure sea-salt type to values between 0.6 and 1.2, depending on the RH. A further increase in the OC content causes theÅngström coefficient to increase faster, reaching a maximum of around 3. These interrelations can be explained in terms of changes in the effective radius of a mixture. Figure 9 illustrates the transition from pure sea-salts to pure OC or WS. The lower the RH, the drier the sea-salt particles and the smaller the effective radius. These changes mostly influence the scattering properties of the aerosol mixture, but absorbing properties also contribute to the spectral values of the aerosol optical thickness, and eventually to theÅngström coefficient. Therefore, as Figure 9 shows, there is no unique relationship between R eff and theÅngström coefficient, unless the components of the aerosol mixture are known. For an aerosol mixture of two components, e.g. sea-salts and OC or sea-salts and WS, the aerosol optical thickness for a given RH is defined by equation (15). For this kind of mixture, the changes in theÅngström coefficient are given by
where λ 1 = 412 nm, λ 2 = 865 nm and ξ = 100−x1
x1 . Parameter x1 represents the percentage contribution of a second aerosol component added to a mixture and is a number between 1 and 100. If x1 is equal to 0, then the aerosol mixture consists of pure sea-salts.
Parameters y ad and α mix for a mixture of SSA and WS are defined as follows:
The corresponding parameters for a mixture of SSA and OC are given by:
A consequence of equations (15) and (11), equation (17) describes the transition from one aerosol type to the other and the related change in the value of theÅngström coefficient.
Three-component aerosol mixtures: SSA, WS & OC
If a mixture consists of more than two aerosol components, it becomes more difficult to investigate all the changes affecting the value of the Angström coefficient. Consider a mixture of SSA and two other components like WS and OC. To simplify this complex situation we shall assume that the mutual relations between WS and OC (WS:OC) are limited to two cases: 1:1 and 2:1. This means that in the first situation the amounts of WS and OC are equal, and in the second case, there is one part OC to two parts WS. Figure 10 illustrates the changes in theÅngström coefficient due to changes in the composition of the aerosol mixture when RH = 60%. Regardless of the aerosol type, the mixture with the greater OC content has the largerÅngström coefficient. The aerosol mixture composed of seasalt and WS and OC in equal proportions (WS:OC=1:1) has a much higher Angström coefficient than the same aerosol components mixed in a different ratio, i.e. WS:OC=2:1. The highest values are generated by an aerosol mixture consisting of fine particles WS1 and OC mixed in equal proportions, the lowest ones by a mixture of OC and WS4 mixed in the ratio 1:2. This becomes clear when the effective radii of these different mixtures are compared. Figure 11 shows the changes in theÅngström coefficient values versus the effective radius. As in the case of the two-component mixture (see Figure 9 ) there is no unique correspondence between R eff and theÅngström coefficient. The drier conditions (Figure 11a ) mean that the aerosol particles representing a mixture are smaller and theÅngström coefficients are slightly higher than for wetter conditions (Figure 11b ). Figure 10 . Changes in theÅngström coefficient due to changes in the composition of the aerosol mixture. All simulations were done for relative humidity RH = 60%, one type of sea-salt (SSA1), one type of organic carbon (OC1) and three types of WS (WS1, WS2 and WS4). All types of WS are mixed in different proportions with OC1: WS2:OC1=1:1 and WS2:OC1=2:1 Figure 11 . Changes in theÅngström coefficient with effective radius (R eff ) for the same mixtures as presented in Figure 10 , for relative humidities (RH): RH = 60% (Figure 11a ), RH = 80% (Figure 11b ) and RH = 95% (Figure 11c) The mathematical expression describing the changes in theÅngström coefficient of an aerosol mixture composed of sea-salts and two other components like WS and OC is discussed in Appendix 2 (page 38).
Three-component aerosol mixtures: WS, OC & BC
Aerosol mixtures composed of SSA with certain amounts of WS, OC or BC can represent the typical situation observed over coastal waters or inland seas like the Baltic or Mediterranean. In such a case the continental/industrial aerosol (e.g. BC, OC, WS) is easily transported by air masses and mixed with the marine aerosols (SSA).
The situation at a land station is different. In this case, the aerosol will also be a mixture, but its components will depend on the type of aerosol emitted by nearby sources, e.g. factories. To some extent we can represent the terrestrial mixture by three main aerosol components: WS, OC and BC. Figure 12 shows theÅngström coefficients for aerosol mixtures consisting of these three components; the simulations were done for three RHs: 40, 60 and 80%. Initially, the mixture consisted only of WS and OC. Gradually, the percentage of BC increased and replaced WS and OC (WS:OC=1:1). For example, when there was 10% BC, the contributions of WS and OC were 45% each. The simulations were done for two types of black carbon -BC3 and BC4 -and two types of anthropogenic salts -WS2 and WS1.
In both cases (see Figures 12a and 12b ), the addition of the BC component does not change the effective radius of the aerosol mixture. Nevertheless, theÅngström coefficient is modified. The reason is that BC has strong absorbing properties which influence the final aerosol extinction/optical thickness and in consequence also theÅngström coefficient. Figure 12a presents a situation that seems quite obvious: an elevated BC content causes α to increase. Figure 12b , in contrast, illustrates a rather unexpected situation. In this case it turns out that replacing WS1 and OC1 by BC causes an effect opposite to the one observed in Figure 12a . This is because the contribution from scattering at WS1 and OC1 is much stronger than that due to absorbance by BC. Thus, replacing WS1 and OC1 with BC causes theÅngström coefficient to decrease slightly.
Why are spectral measurements so important?
Measurements at one single wavelength will not supply accurate information about the aerosol mixture. Figure 13 shows that one single measurement of the aerosol optical thickness at one wavelength, e.g. λ = 555 nm, will not provide unique information about an aerosol type. The condition that τ a (555) If spectral measurements were available, they would provide an additional parameter, theÅngström coefficient. This would help to distinguish the four mixtures in this example. In a real situation theÅngström coefficient can indicate the probable aerosol type, which would also be useful information.
Classification of aerosol mixtures in terms ofÅngström coefficients
With changing atmospheric conditions and rising or falling RH, the measured aerosol optical thickness/extinction likewise changes. The effective radius of a mixture alters, and so does theÅngström coefficient. The question is whether these changes can be quantified. Figure 14 shows how the effective radius ( Figure 14a ) and theÅngström coefficients (Figure 14b ) will change as a result of the transition from drier to wetter conditions and vice versa. The simulations were done for various mixtures, but the difference is always calculated for the same type of mixtures. Figure 14a illustrates the effect of the transition to drier conditions (i.e. from RH = 80% to RH = 60%) and to wetter ones (i.e. from RH = 80% to RH = 95%). In both cases the effective radii change, and the differences are the most significant forÅngström coefficients ≤ 0.5. Figure 14b presents a similar effect but with respect to theÅngström coefficients. The maximum absolute difference between theÅngström coefficients estimated at RH = 80% and RH = 60% does not exceed 0.2. The transition from RH = 80% to RH = 95% causes more significant changes: for α < 1.75, the maximum absolute difference is ≤ 0.3, but for α ≥ 1.75 this difference can reach a value of 0.5.
The results presented in Figure 14a suggest that theÅngström coefficient could be regarded as an indicator of atmospheric aerosol type. As already demonstrated in the previous sections, there is a general relationship between R eff and theÅngström coefficient. Higher values of R eff usually correspond to lower values of theÅngström coefficient, and vice versa. Each particle size range is characteristic of a given aerosol mixture. Thus, the observed tendency suggests that theÅngström coefficient could be used to define 'domains', indicating possible aerosol mixtures and then aerosol type.
For example,Ångström coefficients < 0.5 would represent the marine domain or the marine aerosol type (see Figures 15a, 15b and 15c) . The aerosol components would be any sea-salts with a small admixture of anthropogenic salts like WS2 or WS4. It is possible that a small admixture of OC or BC would also be present. In each case, the mixture giving the best fit would be selected. Similarly,Ångström coefficients between 0.5 and 1.0 would represent the transition state from the marine to the continental domain -the mixed marine-continental aerosol type. Finally, Figure 14 . The change in effective radius andÅngström coefficients during the transition from drier to wetter conditions and vice versa. The simulations were done for various mixtures, but the difference is always calculated for the same type of mixture. a) The absolute difference between two values of the effective radius estimated for the same mixture but at different relative humidities (RH), b) The absolute difference between theÅngström coefficients at RH = 80% and RH = 60%, and RH = 80% and RH = 95% values between 1.0 and 1.5 would indicate the continental aerosol type, and values > 1.5 the industrial aerosol type.
As demonstrated in Figures 15a-15c the general relationship between R eff and theÅngström coefficient for different RHs is very similar. In this sense the classification based on 'domains' is independent of RH and therefore very practical: it can be applied as a first guess in aerosol retrieval algorithms, regardless of the ambient RH. A classification of this kind has already been applied successfully by the author, for example to work with GOME remote sensing data (Kuśmierczyk-Michulec & de Leeuw 2005) or to interpret sun photometer data (e.g. Kuśmierczyk-Michulec & Marks 2000) . Figure 15 . Aerosol types defined in terms of theÅngström coefficient for different relative humidities (RH): a) RH = 60%, b) RH = 80%, c) RH = 95%. An increase in RH causes an increase in R eff , but the general pattern (i.e. the exponential decrease of R eff with increasingÅngström coefficient) is preserved. In this sense the classification based on 'domains' is independent of RH
Conclusions
This paper investigates the influence of relative humidity on the optical properties of atmospheric aerosol mixtures. The principal conclusions are: 1) Relative humidity (RH) modifies the optical properties not only of hygroscopic aerosol mixtures but also of mixtures containing nonhygroscopic aerosols like organic carbon or black carbon. As a result of wetting the hydroscopic particles grow, thereby changing the effective radius of an aerosol mixture and subsequently the aerosol extinction or aerosol optical thickness.
2) The observed variations inÅngström coefficients can be explained by changes in the effective radius of a mixture resulting from changes in RH and/or aerosol composition: the larger the number of small aerosol particles, the smaller the effective radius and the larger the Angström coefficient. However, the change inÅngström coefficient due to variation in RH is far less than that caused by differences in aerosol mixture composition.
3) The behaviour of black carbon differed from that of all the other aerosol components considered. The addition of black carbon does not change the effective radius of a mixture but does change theÅngström coefficient. This observation can be explained by its strong absorbing properties of BC, which affect extinction and hence theÅngström coefficient.
4) The effective radius (R eff ) andÅngström coefficients will change during a transition from drier to wetter conditions or vice versa. This effect is more significant for mixtures with α ≤ 0.5. The maximum absolute difference betweenÅngström coefficients calculated at RH = 80% and RH = 60% does not exceed 0.2. The transition from RH = 80% to RH = 95% brings about more significant changes, however. For α < 1.75, maximum values do not exceed 0.3, but for α ≥ 1.75 the maximum absolute difference can be as high as 0.5. 5) TheÅngström coefficient can be used to define 'domains' indicating possible aerosol mixtures and hence the aerosol type.Ångström coefficients < 0.5 would represent the marine domain or marine aerosol type. Values between 0.5 and 1.0 would represent the transition state from the marine to the continental domain -the mixed marinecontinental aerosol type; values between 1.0 and 1.5 would be indicative of the continental aerosol type, and α > 1.5 would suggest the industrial aerosol type. This kind of domain classification can be applied as a first guess in aerosol retrieval algorithms, regardless of ambient RH.
6) An increase in RH causes the effective radius (R eff ) to increase; the general pattern (i.e. the exponential decrease in R eff with increase inÅngström coefficient) is preserved, however. In this sense the classification based on 'domains' is independent of RH.
External mixing approach
The aerosol optical thickness τ a depends on the contribution of all aerosol components in a given aerosol mixture and can be written as: The relation between C j V, tot (RH meas ) and the total volume of all aerosols in the whole column C V, tot (RH meas ) can be expressed in the following way: Assuming that τ a (λ 1 , RH meas ) and χ j are known, and using equations (A1-2) to (A1-6), the parameter C 1 V, tot (RH meas ) can be calculated as follows: The general relation between the volume concentration and the number concentration is given by equation (4) (see section 2.1). Thus, knowing C 1 V, tot (RH meas ) it is possible to calculate N 1 n, tot i.e. the number concentration of the first aerosol component (in the whole column). The other N j n, tot parameters for the remaining components can be obtained in a similar way. Since N j n, tot does not depend on RH, these numbers will be used to estimate C j V, tot (RH) for any RH value.
Appendix 2
Formula for theÅngström coefficient as a function of relative humidity for a three-component aerosol mixture The parameter ξ 1 is defined as the ratio of χ SSA to χ W S :
In a similar way, ξ 2 relates χ OC to χ W S :
